Um método para determinação de diuron e irgarol utilizando extração em fase sólida (SPE) com C18 e cromatografia líquida acoplada a espectrometria de massas com ionização por eletronebulização foi otimizado, validado e aplicado em amostras de águas estuarinas e costeiras sob influência dos portos de Rio Grande. Os impactos da pré-filtração e salinidade no processo de SPE, utilizando C18 e adsorvente polimérico, foram avaliados e não foi observado efeito. Recuperações entre 95 e 118% (desvio padrão relativo < 20%) e limites de detecção e quantificação do método de 1,3 e 4 ng L -1 , respectivamente, foram determinados para ambos os compostos. As curvas analíticas apresentaram coeficientes de correlação maiores que 0,99. O efeito matriz foi menor que 20% para irgarol e entre 45,7 e 63,5% para diuron. Diuron e irgarol foram encontrados em 8 e 9 dos 21 locais amostrados, respectivamente, com concentrações variando entre < 1,3 a 20,9 ng L -1 . As baixas concentrações encontradas, juntamente com as restrições internacionais de uso e a sua ausência nas quatro tintas anti-incrustantes usadas na região, indicam que os níveis de irgarol e diuron são provavelmente pouco relevantes nesta região. Além disso, estão abaixo daquelas capazes de causar danos às espécies aquáticas.
Introduction
Marine biofouling can be defined as the undesirable accumulation of microorganisms, such as bacteria and microalgae, plants and invertebrates, on artificial surfaces submerged in seawater. 1 The need for effective antifouling biocides, which prevent the settlement and growth of those marine organisms and other invertebrates on ships, boats and submerged structures is recognized worldwide.
Many substances have been used to prevent biofouling. In the early 1960s, a new formulation using tributyltin (TBT) in self-polishing paints, proved remarkably successful in the prevention of biofouling and became one of the most commonly used antifouling agent. However, several studies have documented that even low Vol. 25, No. 7, 2014 environmental levels of TBT (10 ng L -1 ) can cause lethal and sublethal effects on ecologically and economically important non-target species. 2 Organotin antifouling compounds have been regulated worldwide since the late 1980s, but only in 2008 an international regulation came into force. As a consequence, numerous alternative organic antifouling booster biocides have been developed and applied as organotin-free antifouling coatings. 3 The term "booster biocides" encompasses a group of compounds that are added to antifouling paints, mainly copper-based formulations, to enhance their performance in preventing algae and seaweed from colonizing boat hulls. 4 These biocides are added because some common marine algae (e.g., Enteromorpha sp. and Amphora sp.) are tolerant to copper. 5 Irgarol and diuron were among the most commonly added substances to act as biocides agents in antifouling paints. Irgarol (2-methylthio-4-tertbutylamino-6-cyclopropylamino-striazine) is a symmetrical triazine while diuron (N-(3,4-dichlorophenyl)-N,N-dimethyl-urea) is a phenylurea. These herbicides inhibit photosynthesis and have toxic effects on the macrophytes and phytoplankton communities at µg L -1 and ng L -1 levels. 6 The active ingredients become available to the fouling organisms by leaching from the paint coating and also contaminating the aquatic environment. Thus, in areas with intense maritime activities, a complex mixture of those biocides can be found. 7 Irgarol is not very toxic to fish and crustacean species. 2 On contrary, diuron is considered moderately toxic to fish and slightly toxic to aquatic invertebrates, being considered a priority hazardous substance by the European Commission. 8 Toxicological effects of diuron and irgarol on various species have been compiled in review papers. 6, 9 Methods have been developed to determine the occurrence of irgarol and diuron in environmental waters. However, due to their wide variation on physicalchemical properties (e.g., salinity and pH), a special attention should be given to estuarine and marine waters, which might bias the analytical results. Thus, the influence of a pre-filtration step and salinity, as well as the performance of two different solid-phase extraction (SPE) adsorbents was evaluated. Since the presence of polar organic compounds, such as humic acids, and inorganic compounds may interfere in the analytical procedure, the matrix effect was also appraised. 10 A liquid chromatography with electrospray interface tandem mass spectrometry (LC-ESI-MS/MS) was used as detection method. The optimized and validated method was then applied to 21 water samples collected in the estuary of Patos Lagoon (southern Brazil).
Experimental

Study area
The Patos Lagoon is the world's largest choked lagoon connected to the Atlantic Ocean by an 18 km long and 1-2 km wide channel between two 6 km long jetties draining waters from more than 200,000 km 2 of urban and rural areas from southern Brazil. 11 It is highly important for local residents due to its intense biological productivity that sustains significant fishing activity. 12 The estuary has minimal astronomical tidal influence and the flow of ocean waters into the Patos Lagoon depends on the combination of the wind effects and the volume of water from the river discharge. In periods of high river discharge, the influence of ocean waters is small, reducing the water residence time and expelling the dissolved and particulate materials to the nearby coastal area. During dry periods, seawater flows into the estuarine part of the lagoon. 13 In the estuarine area is located one of the most important Brazilian harbor. The Rio Grande harbor complex comprises three harbors with about 6800 m of quay: the fishing harbor (old harbor) and the so-called new (public pier for ships) and super harbors (where large vessels load and unload grains, chemicals and containers). In this harbor complex, more than 27 million tons of cargo have been transported by 3200 vessels in 2010.
14 The maritime activities were further increased since new oil platform shipyards and maintenance companies have being recently installed in the area.
Reagents and chemicals
Analytical standards (purity > 98%) of irgarol and diuron were supplied by Sigma-Aldrich (Germany). High performance liquid chromatography (HPLC) grade methanol and acetonitrile were purchased from Mallinckrodt (Phillipsburg, NJ, USA). Ultrapure water was produced in the laboratory by the Direct-Q UV3 ® (resistivity 18.2 MΩ cm) water purification system (Millipore, Bedford, MA, USA). Stock solutions of individual compounds were prepared in methanol at 1000 mg L -1 and stored at -10 °C. Working standard solutions were used for calibration and water fortification. Octadecylsilane (Strata C18-E) and polymeric (Strata-X -copolymer of styrene-divinylbenzene with modified surface) SPE cartridges with 200 mg (3 mL) and 33 µm of average particle size of phase (Phenomenex, Torrance, CA, USA) were used. Sea salt "Scientific Grade marine", Corallife (Energy Savers Unlimited, Inc., CA, USA) was used for prepare artificial seawater.
Influence of sample filtration, salinity, SPE adsorbent type and matrix effect on the extraction processes and accuracy assessment
The influence of filtration (step before analytes pre-concentration), SPE adsorbent type (C18 and polymeric) and water salinity (0, 10, 15, 20 and 30) on the recovery of the compounds was performed at least, in triplicate, with 3 injections of each replicate into LC-ESI-MS/MS. Thus, the accuracy of the analytical method and the matrix effect were appraised in a range of concentrations (see below).
The influence of filtration on the recovery of the analytes was evaluated using synthetic (reconstituted) seawater (salinity 30) fortified with diuron and irgarol (final concentration of 10.0 µg L -1 ). Only the possible loss of any analyte by adsorption onto filter was appraised. The filtration was done using a 47 mm diameter and 0.45 µm cellulose acetate filter (Sartorius, Germany), but just half of the samples were filtered.
Due to the low concentration levels of the compounds in water samples, SPE with two different types of adsorbents (C18 and polymeric) was used to extract and pre-concentrate the analytes. In addition, the recovery efficiency was checked using different salinities (0, 10, 15, 20 and 30) at concentration of 0.25 µg L -1 of diuron and irgarol. The cartridges were conditioned by methanol (3 × 3 mL) followed by ultrapure water (3 × 3 mL). The samples (250 mL) were passed through the cartridge at a 10 mL min -1 flow rate. The cartridges were washed with 4 × 2.5 mL ultrapure water to remove salts, and air-dried for 10 min. The compounds were eluted by 3 × 2 mL methanol and the volume was reduced down to 1 mL under a gentle N 2 stream. 15 Finally, the extracts (10 µL) were analyzed by liquid chromatography.
Since no data of irgarol and diuron was available for the study area, the accuracy of the developed method was carried out at 3 different levels of fortification (4, 20 and 500 ng L -1 ). The analytes were spiked in water with salinity adjusted to 10 (1000 mL to analyze 3 replicates of 250 mL), filtered, extracted in C18 cartridges (due to its better performance) and analyzed by LC-ESI-MS/MS. The percentage of recovery was done to determine the accuracy. 16 Matrix effect was investigated by comparing the slopes in calibration solutions (0.001, 0.005, 0.010, 0.050, 0.100 and 0.500 mg L -1 ) prepared in seawater (matrix) and organic solvent.
17 Matrix-matched calibration solutions at different concentrations were prepared using extracts of filtered seawater after SPE. Water collected on two different days (with salinity 22 and 25) were used for the study of the matrix effect. The salinities were not adjusted to avoid any change in water composition.
Environmental water samples
Twenty-one sub-surface water samples were collected along the Patos Lagoon estuarine region ( Figure 1 ). The sampling design covered areas under difference potential sources of those biocides including the three main harbors (G, I, K, L, M, Q, R, S, T and U) and Yacht club (F) of Rio Grande, areas under urban and industrial activities (E, H, J, N, O and P), the adjacent coastal area (A, B and C) and the region under the influence of upstream inputs of Patos Lagoon (D). Waters were sampled between March and April 2009 using pre-cleaned 2.5 L amber glass bottles. Once in the laboratory, samples (750 mL) were filtered and extracted by SPE (C18 cartridges). Cartridges were kept frozen (-10 o C) until further processing. Salinity was measured using a conductivity meter Tyt CG583 (Schott Glass, Mainz, Germany).
LC-ESI-MS/MS
LC-ESI-MS/MS analyses were carried out using a Waters Alliance 2695 liquid chromatography equipped with a Micromass Quattro Micro API detector, ESI Waters interface and a XTerra analytical column . These values are comparable to those found in the literature for analysis of diuron and irgarol in water by LC-MS-MS. 18 
Statistical analyses
Normality was tested by Kolmogorov-Smirnov's test and homoscedasticity by Levene's test. Thus, ANOVA was used to evaluate the influence of salinity in SPE extraction with each type of cartridge. T-test was used to check the difference between recoveries with C18 and polymeric cartridges in each evaluated salinity.
Results and Discussion
Influence of filtration
Since the present study aimed to determine the concentration of diuron and irgarol dissolved in water, the filtration step with 0.45 mm filter is needed. However, any possible loss by means of interaction between the filtration media and the analyte (sorption processes) must be evaluated. Despite that, no significant influence was observed in the recovery levels for irgarol and diuron filtered by cellulose acetate membrane. The values of recovery (R%) and relative standard deviation (RSD %) were 114% (9%) without filtration and 109% (10%) with filtration for diuron, while irgarol recovered 88% (9%) without filtration and 95% (2%) with filtration. In addition, both compounds were within the recommended levels for recovery (≥ 70 and ≤ 120%) and RSD (20%). 19, 20 In addition to the possible effect of sorption to filter, the suspended matter present in environmental samples could also be a factor of interference/loss. Water samples from environments such as Patos Lagoon estuary, where high amount of suspended matter (organic and inorganic) is normally found, 21 usually require a filtration procedure to avoid clogging up of the SPE cartridges. This might reduce SPE ability to retain the compounds of interest and also increase significantly the extraction time. Due to the complexity for testing the influence of suspended matter, since its amount and composition varies considerably in estuarine and coastal waters, this effect could not be thoroughly tested. However, future studies might consider evaluating its effect by appraising different ranges of concentration and composition within the specific site of study.
Influence of salinity and type of adsorbent on the extraction by SPE
The recovery of diuron and irgarol fortified in water with different salinities (0, 10, 15, 20 and 30) and analyzed using C18 cartridges ranged from 91 to 98%, whereas RSD values were always below 7% (Figure 2 ). No significant difference was seen for the recoveries obtained using C18 under different salinities and analytes (p > 0.05). For the polymeric cartridge, the recovery ranged between 86 and 105% and RSD ≤ 20%. Similarly, no significant difference was seen for the recoveries obtained using polymeric cartridges under different salinities and analytes (p > 0.05). The recovery of polymeric cartridges was not determined for salinity 30 since cartridges of the same batch was no longer available for testing. In addition, no significant difference was seen for the recoveries of diuron and irgarol analyzed using either C18 or polymeric cartridges. Despite no appreciable effect of salinity on the recoveries of irgarol and diuron for both cartridges, C18 cartridges showed better analytical performance (< RSD) and, thus, were used to assess accuracy and matrix effect, and for the environmental analyses.
Accuracy
Since the salinity did not affect the extraction and the SPE extraction was more efficient using C18 cartridges (see above), synthetic seawater with salinity 10 and C18 cartridges were used to evaluate the accuracy at 3 different levels of fortification (4, 20 and 500 ng L -1 ). The average recovery ranged between 95 and 118% (RSD < 20%) ( Figure 3 ). Thus, this method can be used to analyze diuron and irgarol in waters with this range of concentrations.
Matrix effect
Residue analyses of environmental samples could be significantly affected by matrix effect and this effect can vary according to the chemical of interest, the nature of matrix under study and the instrument used for the detection/quantification of analyte(s). 22, 23 The present results showed that matrix effect varied between compounds and between the two tested seawaters (Table 1) . Matrix effect was estimated as 11.2 and 3.7% for irgarol and 65.3 and 45.7% for diuron. Effects are consider low when signal suppression/enhancement is ± 20%, medium for a range of ± 20% to ± 50% and high when higher than ± 50%. 17 Hence, matrix effect can be considered low for irgarol and medium to high for diuron. As expected, compounds containing more polar groups such as derivatives of urea (i.e., diuron) are more susceptible to the matrix effect. 24 The difference seen for the tested seawaters indicate that characteristics other than the measured salinity, such as pH, composition and concentration of organic matter, alkalinity, etc., may also influence in the analytes ionization which resulted in the observed matrix effect. Because of the ease of measurement, salinity was used for a basic characterization of those two tested seawaters. Since the intensity of the matrix effect for a given compound is influenced by the nature of the sample and the type of co-extractives, 24 it is not possible to test matrix effect only once and consider it as constant for the whole set of samples. 23 Thus, samples have to be grouped according to common main characteristics and the matrix effect calculated for each group. Results must be corrected accordingly to the group they belong and applying the correction factor. 24 In spite of that, concentrations of diuron and irgarol for the environmental samples analyzed in the present work (see next item) were not corrected by the matrix effect since levels were very low and would not be affected by the correction factors. Water samples analyses Levels of diuron and irgarol found in the 21 sites along the Patos Lagoon estuary under the influence of Rio Grande harbors are presented in Table 2 . The concentration of diuron and irgarol ranged from < LODm (≤ 1.3) to 20.9 ng L -1 and < LODm (≤ 1.3) to 6.2 ng L -1 , respectively. Diuron and irgarol were detected in 8 and 9 out of 21 sites, respectively, whereas levels were above LOQm (> 4.0 ng L -1 ) in only 3 and 1 of those sites. However, despite the small values the analytes were simultaneously present in 7 of those sites.
The Patos Lagoon estuary has some peculiarities, such as a small tidal range (0.47 m on average) and constant action of local and seasonal weather factors, especially meteorological tide (wind and rainfall effect), which affect the environmental and hydrological parameters of the region. There is a predominance of northerly winds (NE) between September and February and southerly winds (SO) in autumn and winter. 25 The peaks of freshwater discharge occur in winter and early spring, coinciding with the period of higher rainfall in the region. 13 Despite that the estuary was under the influence of variable regimes of flood and ebb tide during the sampling period (beginning of autumn) (Supplementary Information S3) .
The presence of irgarol and diuron in site D (northernmost site) indicate that the input of these compounds to the region may also occur from other upstream regions. Diuron (7-133 ng L -1 ) and irgarol (< 0.4 to 18 ng L -1 ) were determined in the waters of the São Gonçalo channel, which flows into the Patos Lagoon right above site D. 18 This presence of diuron may be related to a wider use of this herbicide in different crops of the region because the period of high contamination coincided with the main period of agricultural activity. 18 However, the occurrence of irgarol cannot be straightforward related to this since it has never been registered for use on crops in Brazil. Although the sampling was done in a period that is not characterized by the predominance of river discharges, the salinity and current indicated a regime of ebb tide, which may help to dilute the antifouling biocides under investigation (Supplementary Information S3) .
Among those sites directly related to the docking area (sites G, H, I, K, L, Q, R, S T and U), diuron was identified in 2 and irgarol in 3 of them. However, the highest values for diuron were found in site O (16.7 ng L -1 ) and ), where traces of irgarol were also detected. These sites are located in shallow areas (about 1 m deep) nearby the previous main municipal sewage outfall (N) and the refinery (O), which are sites with less influence of currents (lower dilution effect) in comparison to sites located along the harbor areas.
High concentrations of irgarol and diuron used to be found in commercial harbors 26 and marinas, where small recreational boats predominate. 4 However, diuron and irgarol was reasonably dispersed along the study area, showing reasonably low concentrations despite the direct influence of Rio Grande harbors. Low concentrations (< LOQm) were also observed at the Yacht Club (site F) due probably to the small number of boats and to the elevated cost of TBT-free paints in Brazil. Thus, it was difficult to determine the exact location of sources of contamination. This may be partly attributable to the very dynamic estuary with large variation between ebb and flow regimes. During the sampling period, for instance, salinity ranged between 5 and 36. In addition, it should be considered that hydrodynamic conditions of the estuary may cause dilution effects, either in periods of high fresh water discharge, in which there is decrease in the residence time of water and exportation of particulate and dissolved matter to adjacent coastal zone, or when the seawater dominates in the estuary. 13 Furthermore, due to continual changes in environmental conditions and the physico-chemical characteristics of diuron and irgarol, these compounds can be distributed between the aqueous and sedimentary phases. Although diuron has higher solubility in water than irgarol (42 and 7 mg L -1 , respectively), values of log K oc are similar (2.4 for diuron and 2.7 for irgarol), indicating almost the same affinity for sediment organic matter. 8, 27 Despite that, these moderately polar molecules have high mobility between the sediment and water. Furthermore, both compounds are relatively persistent in sea water with half-lives estimated as 100 days for irgarol and between one month and one year for diuron, depending on the intensity of the sunlight. 6, 8, 28 Thus, it can be seen that these compounds are spread throughout the sampling area, including those sites along the adjacent coast (sites B and C).
The concentrations of analytes found in B and C are probably due to the inputs from Patos Lagoon, since they were sampled in ebb period when the direction of coastal currents generated by winds were predominantly NE-SW. 25 Diuron in this sampling sites does not necessarily mean that was used as antifouling biocide, since this compound is used for agricultural reasons and there are several washouts in this region. 18 However, no evidence of irgarol being used by farmers were found so far.
Despite the presence, the values of diuron and irgarol found in the present study (tens of ng L -1 ) are similar to those found in non-contaminated areas around the world. A maximum permissible concentration of 24 ng L -1 for irgarol in water has been proposed by the Dutch National Institute of Public Health and Environment. 27 On contrary, sites considered as contaminated showed concentrations of thousands of ng L -1 (Table 3) . It is important to consider that neither diuron nor irgarol were found in analyzes conducted with samples of the four major antifouling paints used on small shipyards in the region of Rio Grande. However, since diclofluanide and chlorothalonil were found in those four paints, it is likely that these third generation biocides are replacing irgarol and diuron in, at least, some antifouling paints used in Brazil.
Despite the lack of regulations involving the new generation of booster biocides in Brazil, 38 the detected levels were lower than those capable of causing harm to aquatic species. 9, 39 The low concentrations found in the present study, together with international restrictions of 6 Thus, the banning of these compounds by vessels which operate in international harbors (and Rio Grande harbor has indeed an international profile receiving ships from all over the world) has resulting in a decreasing concentration of diuron and irgarol in harbors and marines in the UK. 40 However, this cannot be unequivocally accepted for the whole Brazilian coastal area based on a discrete sampling event and also because other international harbors such as Itaqui (Northern Brazilian coast) 26 and major Korea harbors 37 have recently shown significant levels of irgarol e diuron in their waters. In addition, it cannot be ruled out that a decrease in oversight along international harbors could lead to a reuse of these compounds in antifouling paints.
Conclusion
An analytical method was optimized and validated for the analysis of diuron and irgarol by SPE and LC-ESI-MS/MS in estuarine and coastal waters. The method showed good accuracy (recoveries between 95 and 118%) and precision (RSD < 20%) determining irgarol and diuron in the range of ng L -1 . There was no effect of filtration and salinity on the recovery of compounds analyzed using C18 and polymeric cartridges, however C18 was chosen because showed better analytical performance (< RSD). Irgarol showed low matrix effect whereas diuron had medium to high matrix effect in seawater.
The waters in the Patos Lagoon estuary under the influence of Rio Grande harbor can be considered as low contaminated by diuron and irgarol (the highest concentrations were 21 and 6 ng L -1 , respectively). These levels were below of those capable of causing effects on tested species. Even considering the dynamics of the estuarine waters in the region and its effect on the dilution of antifouling biocides, no direct sources were identified. The low concentrations can be attributed to absence of diuron and irgarol in the composition of antifouling paints used by small shipyards of the region and the fact that many ships are coming from countries where the use of these compounds has been restricted.
Supplementary Information
Supplementary data of interface conditions of the precursor ions (Table S1 ), chromatograms of optimized fragmentation with the ions used for irgarol and diuron quantification and confirmation ( Figure S1 ) and intensity and direction of current and salinity obtained every hour between 03/16/09 and 04/26/09 in the channel that connects the estuary to ocean ( Figure S2 ) are available at http://jbcs.sbq.org.br as PDF files.
